Bats seldom soar because it is behaviour generally associated with the use of thermals, which are normally of insuf®cient strength at night to support the behaviour. Daylight¯ying bats, however, such as the Samoan¯ying fox Pteropus samoensis may be able to exploit thermals for soaring. This may give the bats one of two advantages. It may reduce the energy costs of transport because gliding¯ight is much cheaper than active¯apping¯ight. However, because less endogenous heat is generated by soaring, a second advantage may be that it reduces the thermal stress placed on these bats. Thermal stress is a factor that we have shown previously probably constrains the daylight¯ying behaviour of this species. Observations of the patterns of soaring behaviour at two sites on American Samoa in March and October 1995 supported the predictions of the energy saving but not the hyperthermia avoidance hypothesis. Soaring was a common behaviour under all conditions and was used extensively when conditions did not pose a threat of hyperthermia. In March, the bats also adopted¯ight patterns over time that exposed them to areas of the valleys where insolation was greatest, presumably increasing their risk of hyperthermia but bringing energy saving bene®ts. Modelling the expected heat¯ows during soaring and¯apping¯ight using an established model revealed that soaring reduced the risk of hyperthermia, when¯ying in the shade of clouds, because of the energy savings resulting from reduced endogenous heat production. However, when soaring in sunlight, these savings are more than offset by the increased exogenous heat uptake, because a greater proportion of the wing surface is exposed when soaring. Despite its low endogenous energy cost, soaring in sunlight is not thermally advantageous, and the behaviour of the bats re¯ected this fact.
INTRODUCTION
Soaring is de®ned as`any form of¯ight behaviour whereby a bird or pilot extracts energy from movements of the atmosphere' (Pennycuick, 1989) . Many large birds soar, e.g. magni®cent frigate birds Fregata magni®cens, brown pelicans Pelecanus occidentalis (Pennycuick, 1983) and black kites Milvus migrans (Yosef, 1995) . Several different types of soaring have been recognized, involving the use of wind de¯ected off the sides of hills (slope soaring), the rising air caused by converging fronts (front soaring) or the waves that form on the downwind side of hills (wave soaring) (Pennycuick, 1972b) . In warm conditions, however, the use of thermal soaring is perhaps the most versatile method. Thermals occur where warm layers of air rise as a result of their relatively low density. They are most commonly produced when air in contact with the ground heats up because the ground surface has been heated by insolation. Surface structures such as buildings and trees promote the formation of thermals, as they trap warm air which is then displaced in large quantities by gusts of cooler air (Ludlam & Scorer, 1953) . Rising air in thermals often leads to the formation of cumulus clouds as the rising air cools and the water vapour in it condenses (Ludlam & Scorer, 1953; Pennycuick, 1972b) .
Because soaring animals gain lift assistance from air movements, soaring behaviour is energetically advantageous. Flapping¯ight is more demanding, because all the lift must be generated by the action of the wings. Soaring is not cost free, however, as there is an energy cost of holding the wings in the horizontal position (Pennycuick, 1975) . Nevertheless, the energy cost of soaring has been estimated at less than one-twentieth the cost of¯apping¯ight (Baudinette & Schmidt Nielsen, 1974; Bryan, Coulter & Pennycuick, 1995) , and birds take advantage of this, either to stay in the air to search for food, or for commuting long distances (Pennycuick, 1972b) .
Birds are not the only animals that take advantage of thermals for soaring. Aphids Aphis spp., for example, may be transported large distances after concentrating in newly formed thermals (Pennycuick, 1972b) . Although in certain conditions, convection in the atmosphere may continue past sunset into the night (Pennycuick, 1972a) , generally thermals are absent at night because of the lack of ground heating. As bats are almost exclusively nocturnal (Speakman, 1995) , soaring is generally not an available option. However, emballonurid bats Taphozous spp. have been observed slope soaring after dark in India (Siefer & Kriner, 1991) . There are also several examples of bat species that are diurnally active. Such diurnal activity may occur under unusual circumstances such as in the aftermath ofc yclones, e.g. the insular¯ying fox Pteropus tonganus in Samoa (Pierson et al., 1996) and the greater Mascarenē ying fox Pteropus niger on Mauritius (Cheke & Dahl, 1981) , or as a more regular feature of the behaviour, e.g. the Azorean bat Nyctalus azoreum (Moore, 1975) in the Azores, the Samoan¯ying fox Pteropus samoensis in Samoa (Wilson & Engbring, 1992; Thomson, Brooke & Speakman, 1998) and Pteropus melanotus on Christmas Island (Tidemann, 1987) . Bats that are diurnally active may take advantage of thermals to soar, particularly in predator-free environments where they can¯y above forest canopies without being predated, e.g. P. samoensis (Cox, 1983) .
The Samoan¯ying fox is active throughout the day, when it seems to forage and also to commute between roosting and feeding sites. Detailed radio-tracking studies, however, have yet to be performed to establish the temporal patterning of the behaviour in relation to its precise function in individual animals. Population studies have established that, on average, activity is suppressed during periods of high temperature and intense insolation (Thomson et al., 1998) . This pattern is generally consistent with the calculations of a biophysical model (Speakman, Hays & Webb, 1994) , which predicts the critical air temperatures (T acrit ) at which the bats would experience hyperthermia. On between 85% and 95% of the occasions that measurements were made, these bats¯ew when the model predicted they should be able to do so without suffering from hyperthermia. Nevertheless, between 5% and 15% of occasions, bats¯ew in conditions that the model predicted they would be at risk of hyperthermia. Hudson & Bernstein (1981) suggested that white-necked ravens Corvus cryptoleucus may have maintained heat balance in high ambient temperatures and high levels of insolation by reducing endogenous heat input through gliding and soaring. Samoan¯ying foxes soar extensively (Norberg, Brooke & Trewhella, 2000) . The soaring behaviour of P. samoensis may reduce their endogenous heat production, enabling them to¯y when insolation is intense, and under conditions which our previous modelling had predicted would make them susceptible to overheating. Alternatively, assuming that these bats experience a similar decrease in¯ight costs when soaring to that estimated for birds, this behaviour may be used to minimize transport costs. Indeed, these bats may be diurnally active speci®cally to exploit soaring on thermals as a cost effective feeding and commuting strategy.
These alternative hypotheses generate opposite predictions. If bats use soaring to avoid overheating, they should not seek out the hottest areas with the strongest thermals and should only soar when they are at risk of hyperthermia. However, if the bats use soaring to save energy, the behaviour should be found in all climate conditions likely to generate thermals, and the bats should seek out places that potentially expose them to thermal stress if these provide stronger potential for thermal soaring than shaded areas. This paper ®rst documents the soaring of P. samoensis and then, by relating¯ight behaviour to climate data collected simultaneously, establishes the factors that in¯uenced the extent of soaring. It was expected that if the animals were soaring to avoid heat stress, they would soar only when insolation was intense and there was a risk of hyperthermia. However, if the bats were soaring to reduce¯ight costs, then soaring should be more widespread, limited only by the presence of appropriate conditions for thermal soaring. To test these predictions the distribution of soaring behaviour observed in the ®eld was compared to critical temperatures generated using the model of Speakman et al. (1994) , which gave a measure of the risk of hyperthermia.
METHODS

Behavioural and climate observations
Observations were conducted in the Amalau valley on Tutuila, American Samoa (148S, 1718W). Data were collected for 4 days during a 2-week period in March 1995, and 4 days over a 2-week period in October 1995. On each day, measurements were made continuously from dawn to dusk. Flight behaviour was documented during 3 10-min sessions every hour through each day. The length of time each bat was observed was recorded with a stopwatch to the nearest 0.1 s. During this time the number of wingbeats was counted. Small correctional movements made during soaring, especially when it was windy, were not counted as wingbeats. The valley was visually divided into east and west sections and bats were located in these sections. Any observations under 20 s in length were not retained for further analysis. A total of 284 observations in March and 353 observations in October were analysed. Before each session the following climate measurements were made: shade temperature; temperature in the sun; wind speed; cloud cover. Solar insolation was measured in 2 ways: directly, using a Gossen Mastersix light meter (October only); as the difference between sun and shade temperatures. In addition, the angle of the sun was noted and whether it was shining directly, was partially obscured or was completely covered by cloud.
Statistical analyses
Wingbeat frequency ( f w ) was calculated for each 10-min session by dividing the total number of wingbeats by total seconds in¯ight. Soaring behaviour was arbitrarily de®ned as¯ight including a wingbeat frequency of < 0.5 beats/s. One-way analysis of variance was used to test for signi®cant differences in wingbeat frequency over time of day and between days in each data set. Since many of the climate variables were closely correlated, the data were rede®ned in a series of orthogonal axes using principal components (PCs) analysis on each 4-day set of data (see Thomson et al., 1998) . Scores on these PCs for each session were used as independent predictors in a step-wise multiple regression analysis with backwards deletion to determine whether any climatic factors in¯uenced wingbeat frequency in either of the 2 data sets. An index was created to examine the distribution of time spent in different areas of the valley by calculating the ratio of the proportion of time spent in the western section of the valley, compared to time spent in the east.
Model analysis
The biophysical model devised by Speakman et al. (1994) was used to generate estimates of a critical temperature beyond which the animals in each 10-min count should not be able to¯y without a risk of overheating (T acrit ). The model uses data on the per cent cloud cover, the angle of the sun and whether the bats ying at that time were¯ying in direct sun or in the shade of clouds. Regression analysis was then used to relate wingbeat frequency to the difference between observed ambient temperatures and these critical hyperthermia temperatures (T a ±T acrit ). When this difference is positive the bats are at risk of hyperthermia and the greater the difference the greater the risk.
The model was also used to simulate the effects on heat balance that changing from active¯apping¯ight to soaring might have on the critical temperatures beyond which a hypothetical bat should not be able to¯y without risk of hyperthermia. Two simulations were run. In the ®rst, for a bat actively¯apping its wings, it was assumed the cost of¯ight was 146BMR (17.66 W) and the proportion of wing membrane exposed to insolation throughout a wingbeat was 0.7 (after Speakman et al., 1994) . In the second, for a soaring bat, endogenous heat production was decreased by 95% (after accounting for losses through evaporation) to 1.05 W, following estimates of the cost of soaring in birds (Bryan et al., 1995) , and the proportion of the wing exposed was assumed to increase to 1.0. All other variables in the model were set at the same mean values used by Thomson et al. (1998) that were generated from data collected in Samoa. These 2 simulations in the model were run both for bats¯ying in direct sunlight and in the shade of clouds.
RESULTS
Relationship between climate and soaring behaviour
There was a marginally signi®cant variation in wingbeat frequencies (f w ) throughout the day in March (F = 1.57, P = 0.046); however, in October the variation was not signi®cant (F = 1.15, P = 0.285, one-way analysis of variance). In both 4-day periods there was a decrease in f w (i.e. an increase in amount of soaring), through the middle of the day; most soaring occurring between 09:00 and 15:00 (Fig. 1) . Overall, f w was lower and soaring more prevalent in October compared to March (Fig. 1) . In both months the soaring coincided with the period of the day when the difference in air temperature between the shade and in open sunlight was greatest. The longer period spent soaring in October corresponded to a longer period during the day when the difference between the air temperatures in the sun and in shade exceeded 7.5 8C (Fig. 1) .
During counts in March, sun and shade temperatures were on average lower and cloud cover lower relative to October. There was also a signi®cant difference in f w between individual days of measurement in March (ANOVA F = 9.28, P < 0.001) with day 2 having a signi®cantly greater f w (i.e. less soaring). No signi®cant differences between days were observed in October (F = 0.14, P = 0.935, ANOVA and minimum signi®cant difference tests). The days were more consistently hot in October. The 1 day in March when soaring activity was signi®cantly reduced was the cloudiest day of measurement when the difference between sun and shade temperatures was lowest ( Table 1) .
The ®rst PC resulting from analysis of both the March and October sets of climate data was in¯uenced in both cases by shade, sun and sun±shade temperature, amount of sunshine and light level. All these were factors related to insolation. This insolation PC included 52.8% and 61.7% of the observed variation in climate in March and October, respectively. Scores on this PC were signi®cantly correlated with f w at both times of year (regression analysis: March, F = 40.25, P < 0.001, r 2 = 24.6%; October, F = 8.16, P = 0.005, r 2 = 5%). As`insolation' increased, f w decreased (i.e. soaring increased). PC2 was also signi®cantly correlated with f w in both data sets (regression analysis: March, F = 9.37, P = 0.003, r 2 = 6.5%; October, F = 20.53, P < 0.001, r 2 = 12.6%). In both March and October this PC was in¯uenced by cloud cover and wind speed. The amount of soaring increased as cloud cover increased in both March and October. Wind did not have a consistent correlation, being negatively related to the amount of soaring in March but positively related in October, when mean wind speeds were slightly higher. Finally, in March, PC4 was also signi®cantly correlated with f w (regression analysis: F = 7.23, P = 0.008, r 2 = 4.9%). This PC was dominated by humidity, increases in which were correlated with a decrease in soaring (Tables 2). In March (Fig. 2) there were signi®cant changes in the proportion of time spent in the west of the valley with time of day. In the early morning, bats were evenly distributed between both halves of the valley. As it became hotter in the late part of the morning (Fig. 1) , most of the active bats congregated in the west side of the valley. At this time the sun was shining onto that side of the valley. As the sun shifted onto the eastern side of the valley in the afternoon the bats followed it around. At the very end of the day, as the sun started to set, the distribution reverted back predominantly to the west side. In contrast, the October data (Fig. 2) did not 
Relationship between model predictions and soaring behaviour
In both data sets there was a signi®cant negative relationship between f w and the difference between ambient air temperature (T a ) and the critical ambient air temperature above which bats would experience hyperthermia (T acrit ). As the temperature differential rose and there was an increased risk of hyperthermia, the amount of soaring increased (regression analysis: March, T = 75.13, P < 0.001; October, T = 73.89, P < 0.001; Fig. 3 ). Soaring occurred not only at these high temperatures but also when it was much cooler. However, in both March and October, active¯appinḡ ight seemed only to be employed at the lower temperatures when there was no risk of hyperthermia.
Modelling the impact of soaring on the risk of hyperthermia
For bats¯ying in the shade of clouds, the predicted ambient air temperatures above which a bat would experience hyperthermia were 43.1 8C for a soaring bat, and 38.2 8C for a bat that was engaged in¯apping¯ight. As expected, bats adopting a soaring strategy were protected from the effects of overheating because the upper limit of conditions in which bats could¯y before they would overheat was c. 5 8C higher. However, during direct exposure to sunlight the critical temperature beyond which the biophysical model predicted a soaring bat should not be able to¯y without risk of hyperthermia was 24.6 8C, compared to 25.3 8C for a bat engaged in active¯apping¯ight in identical conditions. During exposure to sunlight, therefore, the ambient air temperatures at which bats would experience hyperthermia were considerably lower than for bats¯ying in cloud shade. However, under these conditions there was no advantage of soaring over¯appinḡ ight in terms of the exposure to risk of overheating. The location of the sun is also indicated. The hyperthermia avoidance hypothesis suggests that bats should move in the opposite direction to the sun throughout the day (east to west) whereas if the bats were using thermals for soaring to derive an energetic advantage, the bats should follow the sun (west to east).
DISCUSSION
Effect of climate on soaring behaviour
In both March and October most soaring occurred at the time of day when the sun to shade temperature differential was highest, between 08:00 and 16:00, supporting the theory that the bats were using thermals to soar. Pennycuick (1972a) also found that thermals strong enough for vultures (Aegypiinae) to soar on, formed around 08:30 and continued to grow until 15:00 in the Serengeti. It is probable that the data from October did not show signi®cant variation in f w throughout the day, even though they showed a similar pattern to the March data, because in March it was cooler in the early morning and particularly the afternoon, probably preventing the formation of thermals early and later in the day, and most¯apping occurred then. The portion of the day during which f w was lowest extended for longer in October, both starting earlier and ®nishing considerably later in the day. This was probably because the sun±shade temperature differential was greater for longer, and thus thermals adequate for soaring would presumably have formed earlier in the day and lasted for longer. In some previously published data (Thomson et al., 1998) , that were collected simultaneously to the observations of soaring in this paper, we have shown that when insolation was at its peak, around 10:00±12:00, there was a reduction in bat numbers. However, activity began to rise soon after this, and reached a peak in the mid-afternoon. The time when soaring was most prevalent in both March and October spanned both the nadir and peak in bat numbers. The signi®cant difference in f w between days of measurement in March can also be explained by climate differences between the observation days. The lowest amount of soaring occurred on the day when it was coolest. No differences were observed between days in October because it was consistently hot.
The PC analysis con®rmed this interpretation, with signi®cant increases in soaring correlated with increases in the insolation PC. In both data sets, soaring was also found to increase with increasing cloud cover. This probably re¯ected the fact that cumulus clouds form as a direct result of thermals (Ludlam & Scorer, 1953) . Optimum conditions for soaring were therefore high levels of insolation, which generated thermals and indirectly also increased the amounts of cloud.
Cause of soaring behaviour in P. samoensis Areas of steeply sloping ground produce the most powerful sources of thermals (Ludlam & Scorer, 1953) . Therefore, Tutuila, which had a slope > 70% on > 50% of the land surface was probably an excellent place for the generation of thermals. The Amalau valley was composed of very steep slopes and it was predicted that if the bats were using soaring to minimize¯ight costs, as the sun moved round the valley during the course of the day, the bats would also move to take advantage of the most thermally active areas. Alternatively, if the bats were soaring only to avoid the risk of overheating, it was predicted they would move to avoid areas of the valley that were in full sunlight. The data collected in March supported the ®rst prediction. However, the same pattern was not observed in October, when the bats did not conform to either prediction. As the sun±shade temperature differential was consistently higher in October, perhaps the bats did not need to seek out areas of high insolation to ®nd areas where thermals were suf®cient to support soaring. Why the bats concentrated their behaviour in the eastern side of the valley remains unclear.
At both times of year, soaring occurred at a wide range of temperatures. It was frequent both when T acrit was well above T a and there was no risk of overheating during¯ight, and when the observed T a exceeded T acrit , indicating a risk of hyperthermia. As T acrit was calcu- Difference between ambient and critical temperature (T acrit -T a °C) Fig. 3 . Wingbeat frequency of Samoan¯ying foxes Pteropus samoensis in American Samoa plotted against the difference between ambient air temperature (T a ) and the critical air temperature derived from a biophysical heat¯ow model (T acrit ). The critical air temperature de®nes the point above which bats would be susceptible to hyperthermia because heat uptake would exceed losses. Where T a ±T acrit is positive, bats were susceptible to hyperthermia. The arbitrary wingbeat frequency used to de®ne soaring is shown as a horizontal broken line. lated for bats engaged in¯apping¯ight, if soaring was a mechanism only to reduce the risk of hyperthermia, we might expect it to occur only when T a was > T acrit . Since bats soared extensively when there was no risk of hyperthermia the data presented here suggest these animals soared primarily to reduce¯ight costs rather than to maintain heat balance when insolation was intense.
Heat exchange modelling Speakman & Hays (1992) estimated that for an animal ying in sunlight, c. 3.4 times more heat comes from solar radiation than from endogenous heat production. When animals¯y in the shade of clouds, the input of solar radiation is massively curtailed. Consequently, the ambient temperatures under which¯ying animals would experience hyperthermia are much lower when¯ying in direct sunlight (see also Speakman et al., 1994) . Soaring reduces the endogenous production of heat. As anticipated, the effect of this for an animal¯ying in the shade of cloud was to further elevate the ambient temperature conditions at which the animal would start to experience hyperthermia. Soaring does provide protection from hyperthermia under these conditions. Soaring animals keep their wings outstretched durinḡ ight presenting a greater surface area compared with the vertically projected pro®le of the wings durinḡ apping¯ight. Hence, during soaring, the wings provide an enlarged surface for heat uptake from incident solar radiation. When the trade off between the decrease in endogenous heat production during soaring and the opposing increase in exogenous heat uptake from sunlight was modelled, these two effects were found to offset each other almost exactly. Consequently, the ambient air temperature at which the bats could¯y without risk of hyperthermia actually decreased slightly for bats soaring in direct sunlight. Thus, there is slightly more thermal stress on a soaring bat than an activelȳ apping one in direct sunlight. Hudson & Bernstein (1981) suggested that whitenecked ravens Corvus cryptoleucus remained in¯ight at high ambient temperatures and under conditions of high solar insolation by reducing endogenous heat production through soaring and gliding and by making shorter¯ights. Our modelling suggests that the former two of these mechanisms (soaring and gliding) are unlikely to provide effective protection to¯ying animals from hyperthermia under these climatic conditions. The interpretation of their soaring and gliding behaviour as a protection from hyperthermia therefore seems unlikely.
CONCLUSION
In combination with our previous study of activity patterns of Samoan¯ying foxes (Thomson et al., 1998) , we suggest that the main protection from hyperthermia exhibited by these bats is to reduce the extent of their activity at the times of day when solar insolation is at its greatest. Samoan¯ying foxes soar extensively whenever the climatic conditions are suf®cient to generate thermals, but not so intense as to pose a risk of hyperthermia. Soaring in these bats is not used as a protection from hyperthermia but an energy saving strategy durinḡ ight. Indeed, the diurnal behaviour of these bats may have evolved particularly to take advantage of this cost-effective mechanism of transport (Norberg et al., 2000) . Morphologically the bats differ slightly from the sympatric P. tonganus (Norberg et al., 2000) in the direction anticipated from aerodynamic considerations to be advantageous for soaring, supporting this viewpoint. However, the morphological differences are slight (Richmond, Banack & Grant, 1998; Norberg et al., 2000) suggesting that the differences in¯ight behaviour stem primarily from the different diurnal activity patterns of these bats. Finally, the associations between activity, climate and soaring behaviour also resolves a small anomaly in our previous work (Thomson et al., 1998) . In that study, bat activity was observed to increase with increasing cloud cover, contrary to the predictions of the heat balance model of Speakman et al. (1994) , as high cloud cover generates a higher risk of hyperthermia. The fact that cloud re¯ects suitable conditions for soaring may explain this relationship.
